Introduction
Adverse drug reactions (ADRs) are significant health problems that contribute to illness and fatalities within populations receiving medication. Additionally, they are a financial burden on healthcare systems [1] . ADRs are a major issue for the pharmaceutical industry leading to attrition of drugs in development and the post-licensing withdrawal of drugs [1, 2] . There are many different types of ADRs, affecting every organ system in the body. However, drug-induced liver injury (DILI) is the most frequent reason for the withdrawal of an approved drug from the market, and it also accounts for more than 50% of cases of acute liver failure. More than 600 drugs have been associated with hepatotoxicity [3] . The clinical disease phenotype is diverse, multidimensional and multifaceted, even for the same drug when given to different patients. The manifestations range from mild, asymptomatic changes in serum transaminases, which occur at a relatively high frequency with a number of drugs, to fulminant hepatic failure, which although rare, is potentially life-threatening and may necessitate a liver transplant. Most drug-induced hepatic injuries that occur in humans are unpredictable and poorly understood. Although the asymptomatic rises in transaminases are common, the more severe forms of liver damage are fortunately rare, & 2018 The Author(s) Published by the Royal Society. All rights reserved.
generally occurring with a frequency between 1 in 1000 and 1 in 10 000 [3] . Acetaminophen ( paracetamol; APAP) is responsible for 80% of drug-associated cases of liver failure [4] . APAP-induced hepatotoxicity is generally predictable from our understanding of its metabolism; however, many other drugs cause idiosyncratic DILI, which, although rare and unpredictable, can cause significant morbidity and mortality. Studies with model compounds and drugs-such as APAPhave helped to define the roles that chemical stress and drug bioactivation have in the various biological outcomes that may be triggered by chemically reactive metabolites. These include effects on transcription factors and/or signalling protein-adaptation (cell defence), apoptosis, necrosis, inflammation and activation of the innate and adaptive immune systems. Adverse drug reactions affecting the liver may be classified into two main types:
-Dose-dependent DILI, which can be replicated in various animal species and is evident during preclinical safety testing ( provided the target or off-target is adequately expressed in the animal model). -Human-specific DILI, which cannot be predicted in animal models. Includes idiosyncratic drug reactions which are unpredictable, occur only in certain susceptible patients and have a complex dose-dependent relationship.
Drug-induced liver toxicity mimics natural disease and, therefore, lessons learned from the study of drug-induced hepatotoxicity should not only enhance drug safety but also provide new pharmacological strategies for the treatment of liver disease. The major advances in molecular toxicology over the past decade have provided a conceptual framework for the mechanism of action of model hepatotoxins at the chemical, molecular, biochemical and cellular levels. In particular, we now have a better understanding of the events that link drug metabolism and the formation of toxic metabolites to changes in liver function and the evolution of liver pathology [2, 3, 5] . With respect to dose-dependent DILI we now understand that the analgesic acetaminophen, at therapeutic doses, is metabolized predominantly by the phase II metabolic pathways of glucuronidation and sulfation. There is a species-and strain-dependent proportion of APAP which is metabolized by the phase I cytochrome P450 metabolic pathway to the reactive metabolite NAPQI (N-acetyl-pbenzoquinone imine), which is subsequently detoxified by conjugation with glutathione (GSH) [6] [7] [8] . In higher-dose situations, the sulfation pathway becomes saturated with depletion of the sulfate pool, the cofactors of glucuronidation become depleted and hence a larger portion of APAP is metabolized through the phase I pathway. GSH levels are limited and once depleted below a critical level, NAPQI is free to react with cellular macromolecules. After formation of significant quantities of NAPQI, the pathways culminating in cellular injury have been extensively investigated, but their contributions to the actual pathogenesis are more tentative [6] [7] [8] . Based on the weight of evidence, NAPQI binds to various proteins and disrupts their function, leading to altered cellular function. However, there are likely to be other direct or indirect effects of NAPQI leading to cell death, such as alteration of cellular redox status or disruption of signalling pathways. Despite the multitude of cellular pathways that have been shown to play a role in APAP-induced hepatotoxicity, disruption of mitochondrial function is one of the key outcomes [6] [7] [8] .
After covalent binding and GSH depletion occur, APAP induces the mitochondrial permeability transition (MPT), which allows the leakage of mitochondrial constituents into the cytosol. After activation of the MPT, mitochondria swell, lose membrane potential, and exhibit decreased oxidative phosphorylation and ATP depletion. Finally, depending upon the species, strain and fed/fasting status, there may be a window where some hepatic apoptosis occurs, which rapidly degenerates into necrosis [6] [7] [8] . Regarding the molecular mechanisms underlying human-specific DILI, a good example is that of fialuridine. Fialuridine was developed as an antiviral therapy for hepatitis B infection. In a phase II study, fialuridine caused severe toxicity: irreversible acute hepatic failure in 7 out of 15 patients, myopathy, myoglobinuria, severe lactic acidosis and neuropathy after 9-13 weeks of treatment [9] . Five out of seven participants with severe hepatotoxicity died and two survived after liver transplantation. Preclinical toxicology studies in mice, rats, dogs and primates did not provide any indication that fialuridine would be hepatotoxic in humans. Histological analysis of human liver tissue showed prominent accumulation of microvesicular fat, with chronic active hepatitis and variable degrees of macrovesicular steatosis, but little hepatocellular necrosis, which is consistent with the absence of substantial elevations in serum aminotransferase levels during treatment [10] . Electron microscopy showed markedly swollen mitochondria, with loss of cristae, matrix dissolution and scattered vesicular inclusions. In studies of fialuridine in a human hepatoma cell line (Hep G2), the drug was incorporated into both nuclear and mitochondrial DNA, but at a much higher rate in the latter [11] . Morphologic changes in mitochondria, microsteatosis, macrosteatosis and increased lactic acid production were also observed. The integration of nucleoside analogues into nuclear DNA represents an alternative but potentially delayed pathway to cytotoxicity and cell apoptosis. Expression of a nucleoside transporter hENT1 in human (but not in mouse) mitochondria, which facilitates entry of fialuridine into mitochondria, may be responsible for the human-specific mitochondrial toxicity caused by fialuridine [12] . Recently, it has been shown that chimeric mice could be used as a model for fialuridine toxicity. The clinical features, laboratory abnormalities, liver histology and ultrastructural changes observed were the same as in humans, and these abnormalities developed in the regions of the livers that contained human hepatocytes but not in regions that contained mouse hepatocytes [13] .
Patients present with a pattern of liver injury that is broadly consistent for each drug and may, therefore, be termed idiosyncratic, a term that does not imply any particular mechanism. The frequency and severity of idiosyncratic DILI is currently thought to arise due to two main influencing factors, the chemical hazard inherent within the structural make-up of the drug and the molecular initiating events leading to liver toxicity within the susceptible individual [14] (figure 1).
Attrition of chemical series in drug discovery as a consequence of unacceptable hepatic safety is a major barrier to drug research and development productivity [1, 2] . Although the causes are broad and multifactorial, the need for more predictive toxicology models and earlier testing to increase future clinical success is crucial. In addition to modelling healthy cellular function, patient-centric hepatic models that address the translational assumptions from bench to bedside are also now emerging. These models are emerging as a potential area for refinement of risk assessment, i.e. hepatic safety rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170228 risk assessment in the patient versus the healthy volunteer. These refined risk assessment tools are probably more useful at later stages of discovery safety. Discovery-phase toxicology goals are to identify the most promising drug candidates and eliminate those with unacceptable toxicity as early as possible. However, it is not practical to generate an exhaustive hazard and translational risk profile during the early stages of the drug discovery process, nor is it possible to accurately predict risks for all potential clinical hepatotoxicity phenotypes. Consequently, drug developers take a tiered approach to balance the screening volume needs with high translational confidence to select small numbers of potential candidates. Thus, throughput and rapid data generation that can influence early-stage drug design are key considerations for any hepatic in vitro model deployed at this stage. Evaluating drug target liabilities (primary and secondary pharmacology) involves a multilayered cascade of screens and assays, generally starting with simple high-throughput screens, leading into secondary pharmacology and organ-specific risk assessment with validated assays, through to hazard assessment within more complex multicell models (figure 2). To generate this level of understanding, scientists are more frequently deploying complex human and animal three-dimensional models involving microfluidics and stem cells to assess organ-specific and patient-specific toxicity profiles.
For the purpose of this opinion piece, the focus will be on cell models that are likely to be a step-change in hepatotoxicity risk assessment: in vitro hepatocyte-like models containing either a patient disease phenotype or a susceptible-patient phenotype. It is recognized that improvements in stem cell culture techniques will improve drug metabolism capability, reproducibility and availability. The deployment of simple cell lines, such as HepG2 and HepaRG, coupled with appropriate use of primary human hepatocytes has enabled the screening out of chemistry that demonstrates overt cytotoxicity towards hepatocytes [15] . The development of increasingly sensitive in vitro models may facilitate discarding potentially useful compounds. The fine balance has to be weighed in light of the risk-to-benefit ratio including the phenotype of the target patient population, duration of treatment, anticipated daily dose, whether the prognosis is disabling or life-threatening and whether the medicine would be first in class. Idiosyncratic liver toxicity is not generally taken into consideration at this early stage because there are no validated models, either in vitro or in vivo, with which to assess this. Many in vitro hepatic safety assays have been validated by using a panel of positive and negative clinical DILI-causing compounds [16] . In general, overt DILI-positive compounds tend to have a number of common features such as high dose, high cLogP, predominant hepatic metabolism component and chronic duration of therapy, and in vitro assays should be expected to separate these compounds from the DILI-negative compounds [17] . Compounds classed as moderate clinical hepatotoxins contain compounds which cause idiosyncratic hepatotoxicity in anywhere from 1 : 1000 to 1 : 10 000 patients. Obviously, the susceptible patient's biology is contributing a significant component to the toxicity when the majority of patients do not experience hepatic injury. Understanding where the susceptibility arises can be a major clue in not only understanding the mechanism of injury but also helping design an appropriate in vitro model for screening purposes [18, 19] . Figure 1 . Figure outlining the main contributing functions to severity and frequency of drug-induced hepatotoxicity. In the simplest form, hazard either arises due to the chemistry of the drug or is predominantly dependent on the unusual biology within a susceptible individual. Hazards from the chemistry of the drug should be detected in appropriate in vitro models or animal models in the form of the dose -response curve with relevant hepatic safety endpoints-and in general is predictable. When combining a mild hazard from the drug, where the majority of patients do not experience any adverse effects, with the hepatocyte biology within the susceptible patient-there are currently no in vitro or animal models that are able to be used as predictive of potential hepatotoxicity. HLA, human leucocyte antigen; NAFLD, non-alcoholic fatty liver disease).
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Hepatocytes derived from human induced pluripotent stem cells (iPSCs) hold great promise as an in vitro liver model by virtue of their unlimited long-term supply, stability and consistency in functionality, and affordability of donor diversity. However, the suitability of iPSC-derived hepatocytes for toxicology studies has not been fully validated. Hepatocytes undertake anabolic and catabolic activities of nutrients, metabolites, hormones, drugs and other compounds for storage and excretory purposes [20] . The liver cytochrome p450 (CYP450) enzyme system and membrane transporters are critical for drug metabolism and clearance. To validate the maturation and functionality of hepatocytes derived from pluripotent stem cells, induction of CYP enzymes upon drug treatment (e.g. rifampicin and phenobarbital), characterization of drug metabolites generated by the CYP system and transporter activities have been investigated. The CYP450 system comprises phase I and phase II enzymes that are involved in oxidationreduction and conjugation reactions of xenobiotics [20] . Generally, regarding phase I enzymes, immature hepatocytes express CYP1A1 and CYP3A7, and mature hepatocytes produce CYP3A4, CYP2B6, CYP2C19, CYP2C9, CYP1A2 and CYP2D6, although the generation of an ideal mature human hepatocyte from iPSCs, has not yet been realized. The ideal situation of producing iPSCs from clinically identified donors with defined HLA types [21] , drug sensitivities and metabolizer phenotypes, and accessing hepatocytes better representative of a more diverse population which have not been subject to excessive stress through isolation techniques, is yet to emerge for drug toxicity testing. The development of hepatocyte-like cells with hepatotoxicity susceptibility factors either already present or engineered in is an ongoing area of research [22] . These cell models, at this time, are better retrospectively employed, for example when a development candidate demonstrates hepatic stress in a particular population; however, to date such approaches have not been successful [22] . By identifying the genetic factors and in vivo mechanisms that contribute to idiosyncratic DILI, the drug development process can become more refined and responds more effectively, thereby avoiding such negative clinical outcomes. This approach could greatly impact the cost of drug development, which currently is influenced by the attrition rate of tested compounds; for every drug that reaches the marketplace, 7500-10 000 molecules are tested in a preclinical setting. More broadly, it is recognized that genetic variation greatly impacts the individual responses to drug treatment. iPSC-derived hepatocytes would allow for the identification of the patient population subsets most likely to respond to various drug therapies in advance of actual drug treatment. Efforts to stratify patients based on genetic profiling are being used in developing precision medicine for cancer therapy.
Peripheral blood-derived hepatocyte-like cells
There is evidence that monocytes and monocyte-derived cells are linked to liver injury and regeneration: in the setting of APAP toxicity the course of liver injury is influenced by recruitment of monocytes/macrophages to the liver and there is also evidence that these cells may acquire hepatocyte characteristics [23] . A frequent problem in assessing causality in patients with polypharmacy who have experienced DILI is which of the drugs (especially if some of them are known to be potential hepatotoxins) was causative in the given patient. in vitro animal cell models should replicate in vivo observations exposure normalized Figure 2 . Positioning and performance expectations of hepatic safety assays. Earlier routine risk assessment assays have generally been validated with þ100 compounds, which either cause or are clean for hepatotoxicity. These assays are designed to remove the worst offending chemistry, cover the main mechanisms responsible for hepatotoxicity and have defined sensitivity and specificity characteristics. At later stages of the pipeline, there is potential for refining risk assessment to patients by engineering susceptibility characteristics into hepatocytes such that functionality is altered, which may affect sensitivity to certain compounds. TS, target selection; LOID, lead optimization investment decision; CDID, candidate drug investment decision; DMPK, drug metabolism pharmacokinetics. MH cells from patients with idiosyncratic DILI were found to be more susceptible to toxicity induced by the causative drug than MH cells from patients with non-drug liver injury or healthy donors. MH cells showed high sensitivity and specificity for the diagnosis and exclusion of idiosyncratic DILI, and outperform the Roussel Uclaf Causality Assessment Method (RUCAM) score in identifying the causative drug in cases of polypharmacy. These cells may, furthermore, be useful in assessing the role of drug-drug interactions in the onset of idiosyncratic DILI. The identification of true positives among patients with multiple co-medications could help to develop more specific biomarkers that identify patients at risk of progressing to more severe DILI [23] . As yet, the mechanism underlying the increased sensitivity of MH cells is unknown. Whether this could simply be a consequence of altered drug metabolism is an easily testable hypothesis, but is unlikely to be the sole reason. In a similar approach, Choudhury et al.
[24] generated iPSCs from blood-isolated lymphocytes of patients who suffered hepatotoxic side effects from pazopanib (PZ) treatment clinically, and differentiated them into functional hepatocytelike cells (HLCs) [24] . Equivalent HLCs were derived from patients who also received PZ but did not have any hepatotoxic side effects to serve as real-world controls. Comparison of in vitro effects of PZ on the two groups of HLCs confirmed greater sensitivity of patient-derived cells to PZ toxicity compared to volunteer-derived cells. Toxicity was seen for all HLCs with the paradigm hepatotoxic drug, acetaminophen. Given the ability to expand HLCs from patient-specific iPSCs, transcriptomics analysis was performed and demonstrated that oxidative stress is a potential mechanism by which PZ induces damage in these HLCs [24] . These results strengthen the case for iPSC-derived HLCs as a platform for modelling idiosyncratic hepatotoxicity that allows the interrogation of the toxicity mechanism in the appropriate background of patientspecific features, with multiple causative factors at play. This approach has considerable pharmaceutical industry interest, and with the establishment of patient-specific HLCs with known clinical phenotypes, comprising cell banks, with varied genetic backgrounds and range of drug sensitivities, can aid in population-level drug testing.
Induced pluripotent stem cells mimicking human disease
iPSCs generated from donors with a specific single nucleotide polymorphism have proved useful, particularly in developing new therapies for that disease. For identification of new therapeutic compounds, the hepatocytes of iPSC lines derived from patients with a1-antitrypsin (A1AT) deficiency have been used. Five clinical drugs were identified through a highthroughput screening approach, which were shown to reduce the defective A1AT protein accumulation in the cytoplasm. This landmark study demonstrated the utilization of iPSC hepatocytes for drug development towards inherited metabolic disorders [25] . There is a huge potential for modelling drug interactions and pharmacokinetic properties using a library of iPSC hepatocytes generated from various genetic backgrounds. Other diseases where this approach has proved fruitful are familial hypercholesterolaemia [26] , glycogen storage disease [26] [27] [28] , Gaucher's disease [29] , Crigler-Najjar Type 1 [26] , hereditary tyrosinaemia [26] , progressive familial hereditary cholestasis [27] and defective mitochondrial respiratory chain complex disorder [30] . In each situation, it was demonstrated that iHLCs recapitulate the disease phenotypes and represent an opportunity to study liver disease phenotypes in vitro, thereby enabling disease study and drug development [25] . A major issue present in all of these studies is that each patient-derived iPSC cell line has a variety of genetic variants and/or mutations, outside of the evaluated and studied mutation, that may modify or impact disease phenotype. Strategies are required to improve the current models to limit the mutations to only study those related to the field of interest. One method would be to evaluate the disease-specific iPSC hepatocyte in context with tool compounds, for example pairing cells with a mitochondrial respiratory chain complex disorder with a mitochondrial toxin, and similarly cells with cholestatic disorders with BSERP/MRP2 inhibitors. Reproducible differences in disease phenotypes may, therefore, be due to these genetic modifiers rather than primarily due to the disease mutation. Identifying correct controls is required to evaluate observed phenotypes and employ gene repair processes to produce these internal controls [25] . Non-alcoholic fatty liver disease (NAFLD) is a widespread disease in the Western hemisphere. Owing to a high-fat diet and a lack of exercise, hepatocytes of NAFLD patients accumulate fat in the form of lipid droplets [31] . This is often associated with type 2 diabetes and considered part of the metabolic syndrome. Insulin resistance and obesity-associated chronic inflammation of adipose tissue are critical factors for the development and progression of NAFLD [32] . This is often seen as a first hit manifesting in the rather benign accumulation of lipid droplets, called steatosis. A second hit, frequently due to an increase of reactive oxygen species-mediated stress, induces the progression towards non-alcoholic steatohepatitis (NASH), which is accompanied by liver inflammation and fibrosis. Approximately, 29% of patients with NASH develop cirrhosis [32] . Up to 27% of these further develop hepatocellular carcinoma. The driver for this progression is not fully understood; it is not known how NAFLD and its early progression affects the distribution and abundance of lipids in the liver, producing lipotoxicity and inflammation. It is thought that phospholipid zonation may lead to an intra-hepatic pro-inflammatory phenotype and contribute to the hepatic progression from healthy to NAFLD to NASH phenotype, leading to loss of lipid zonation. Cell culture models have been established for deciphering the molecular basis underlying early steps of lipid droplet accumulation in NAFLD, based on hepatocyte-like cells derived from iPSCs [32] . It was demonstrated that both embryonic stem cells and iPSCs differentiate into hepatocyte-like cells that express
Global gene expression analysis after oleic acid induction revealed upregulation of many Gene Ontology (GO) categories associated with lipid or glucose metabolism. This effect was qualitatively similar between embryonic and iPSC-derived hepatocyte-like cells, but differed quantitatively due to the different genetic backgrounds of the two cell lines [32] . Appropriate deployment of these patient-specific hepatocyte-like cells has yet to be considered and validated by Pharma. One action AstraZeneca is taking is the development of in vitro models of NAFLD, assessment of altered function and validation of enhanced hepatocyte sensitivity using compounds which have been observed to demonstrate a more severe hepatic injury outcome in NAFLD patients in the clinic.
Microphysiological systems for the application of iPSCs for drug metabolism and disease modelling (a) Three-dimensional hepatic models and co-cultures
Hepatocyte spheroids have shown improved functions and sensitivity (61%)/specificity (85%) for 110 drugs over conventional two-dimensional pure hepatocyte monolayers (sensitivity (33%)/specificity (85%)) for drug-screening applications [33] , probably due to the establishment of homotypic cell-cell interactions and the presence of extracellular matrix within and around the spheroids [20] . Cell lines, primary hepatocytes and iPSCs cultured in spheroids have all shown utility for drug toxicity screening [34] . Particularly, culture of iPSCs in spheroidal configurations, such as in collagen matrices, can also improve their functions relative to monolayer controls. One interesting study developed a novel multicellular spheroid-based hepatic differentiation protocol starting from embryoid bodies of hiPSCs for robust mass production of human hepatocyte-like cells using two novel inhibitors of the Wnt pathway [35] . The resultant hepatocyte-like cells expressed liver-specific genes, secreted hepatic proteins such as albumin, a-fetoprotein and fibrinogen, metabolized ammonia, and displayed cytochrome P450 activities and functional activities typical of mature primary hepatocytes, such as LDL storage and uptake, ICG uptake and release and glycogen storage [35] . Cell transplantation of the hepatocyte-like cells in a rat model of acute liver failure (by intra-peritoneal injection of 950 mg kg -1 of sterile D-galactosamine) significantly prolonged the mean survival time and resolved the liver injury when compared with the no-transplantation control animals [35] . The transplanted hepatocyte-like cells secreted human albumin into the host plasma throughout the examination period (2 weeks). Transplantation successfully bridged the animals through the critical period for survival after acute liver failure, providing promising clues of integration and full in vivo functionality of these cells after treatment with WIF-1 and DKK-1 [35] .
Other promising stem cell co-culture models have been reported in the literature [36, 37] , demonstrating promising metabolic function and other hepatic capabilities. The Pharma industry is paying close attention to developments in this area; however, a combination of mechanistic capability, good sensitivity/specificity and throughput of the model is required over a diverse compound set (þ100 compounds). Although ATP IC50 generation is a simple and sensitive method of determining cell health, this is not a translatable biomarker that can be assessed alongside endpoints from in vivo studies, and other circulating biomarkers such as miR122, keratin-18 and high-mobility group box-1 are increasingly expected from in vitro models [38] .
(b) Zonation
Homeostatic function of the liver requires multiple parallel metabolic pathways, minimizing futile cycles, achieved through specialization of hepatocytes along the sinusoid, known for approximately 40 years as zonation. Regulatory pathways involved include those driven by the sinusoidal oxygen gradient, Wnt/b-catenin, hedgehog pathways and to a lesser extent reactive oxygen species and hormonal regulation. Genome-wide reconstruction of this spatial division of labour in the murine liver was reported in Nature [39] , demonstrating 50% of liver genes are significantly zonated and show abundant non-monotonic profiles that peak at the mid-lobule layers [39] .
Even though hepatocytes in the liver are protected from flow-induced shear stress by the endothelial fenestrae, flow can cause gradients of oxygen, nutrients and hormones, which have been shown to lead to zonation or differential functions in hepatocytes across the length of the sinusoid [40] . DILI can thus manifest itself with a zonal pattern dependent on the mechanism of action of the drug and its metabolism by specific isoenzymes in the hepatocytes [34] . A parallel-plate bioreactor with oxygen gradients has been used to induce a zonal pattern of CYP450s in rat hepatocytes, which led to a zonal pattern in acetaminophen toxicity, particularly in low-oxygen regions where CYP450 enzymes were expressed at higher levels than in high-oxygen regions [41, 42] . In addition to inducing zonal hepatic functions, several investigators have postulated that flow can allow better nutrient exchange and removal of waste products, which can lead to higher hepatic functions than in static cultures. In addition to perfusion of culture medium, microfluidic devices can also be used to control the spatial arrangement of cells to yield the type of architecture (i.e. control over cell-cell interactions) that has been shown to improve liver functions [34] . Microfluidic devices are inherently low-throughput for testing a large panel of drugs and are more difficult to set up and handle relative to industry-standard multiwell plates. Therefore, incorporation of real-time monitoring of toxicity biomarkers in microfluidic devices can not only aid in ease of usability, but also provide more rapid assessment of drug effects than is possible with conventional assays [34] .
Recently, technologies for hepatocyte differentiation from human pluripotent stem cells have been greatly improved [43] . Hepatocyte-like cells differentiated from human pluripotent stem cells have hepatic characteristics that are very similar to those of human hepatocytes, such as their capacity for urea synthesis, drug metabolism, lipid synthesis and albumin secretion. However, few HLCs with zone-specific hepatic properties have been generated. The liver is known to consist of various cell types, including hepatocytes, cholangiocytes, liver sinusoidal endothelial cells, stellate cells and Kupffer cells. Among these, hepatocytes and cholangiocytes are well aligned along the sinusoidal spaces and periportal tracts, respectively. Therefore, it has been hypothesized that HLCs with zone-specific rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170228 hepatic properties could be generated by using parenchymal cell-or non-parenchymal cell-conditioned medium [43] . In one study, HLCs were cultured with parenchymal or non-parenchymal cell-conditioned medium to generate zone-specific HLCs [43] . Mitani et al. identified that the canonical WNT ligands WNT7B and WNT8B, secreted from hepatocytes and cholangiocytes, play important roles in achieving perivenous zone-specific characteristics, such as the enhancement of glutamine secretion, citric acid cycle, cytochrome P450 (CYP) 1A2 metabolism and CYP1A2 induction capacities. They also found that WNT inhibitory factor (WIF-1) secreted from cholangiocytes was necessary for achieving periportal zone-specific characteristics, such as the enhancement of urea secretion and gluconeogenesis capacities; therefore, WNT signal modulators secreted from hepatocytes or cholangiocytes conferred zone-specific hepatic properties onto HLCs [43] .
One model system (Hemoshear), currently employs primary human hepatocytes (not iPSCs) to model human fatty liver disease with lipotoxic stress [44] . Primary human hepatocytes were co-cultured with primary human hepatic stellate cells (HSCs) and macrophages (MFs) and perfused with media containing higher levels of NASH-associated risk factors (glucose, insulin and FFA). Activation of liver-resident MFs (i.e. Kupffer cells) and HSCs significantly contributes to the pathogenesis of NASH by promoting inflammation and fibrosis locally in the liver and systemically via the secretome [44] . The group demonstrated that lipotoxic stress similar to that seen in NASH patients was recapitulated, and thus were able to measure its impact on hepatocyte morphology and function. These changes were accompanied by increased inflammatory analyte secretion (e.g. IL-6, IL-8, alanine aminotransferase). Critically, one of the take-home messages from this paper is that the better the in vitro culture environment recapitulates the in vivo scenario, the more replicative the model is. Proof of concept examples should use primary human hepatocytes; however, studies repeating the observations using iPSC/hepatocyte-like cells should not be far behind, providing a stable, limitless cell supply required by Pharma for improved safety evaluation. Combination of more functional hepatocyte-like cells or patient-derived hepatocyte-like cells with novel systems providing the physiologically appropriate hepaticengineered environment will be of intense research interest.
Summary
Creation of many different hepatic iPSC lines from different individuals, with greater susceptibility or containing susceptibility factors influencing liver toxicity-specific drugs, may ultimately be necessary to fully understand inter-individual variations in DILI outcomes due to genetic make-up. iPSC hepatocyte cultures containing different diseased backgrounds (i.e. hepatitis B/C viral infection, steatosis and inflammation) could help provide clues as to differences between response in healthy volunteers versus patients versus susceptible DILI patients. However, iPSC hepatocytes need improving and validating with DILI-positive and -negative compounds to approximate primary hepatocyte function and sensitivity before these cell types would be reliably employed within the pharmaceutical industry. Applying iPSCs from patients into novel microphysiological systems will hopefully allow increased functionality for the models to be of use within a safety setting.
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